We present high-precision timing of five millisecond pulsars (MSPs) carried out for more than seven years; four pulsars are in binary systems and one is isolated. We are able to measure the pulsars' proper motions and derive an estimate for their space velocities. The measured twodimensional velocities are in the range 70-210 km s −1 , consistent with those measured for other MSPs. We also use all the available proper motion information for isolated and binary MSPs to update the known velocity distribution for these populations. As found by earlier works, we find that the velocity distribution of binary and isolated MSPs are indistinguishable with the current data. Four of the pulsars in our observing program are highly recycled with low-mass white dwarf companions and we are able to derive accurate binary parameters for these systems. For three of these binary systems we are able to place initial constraints on the pulsar masses with best-fit values in the range 1.0-1.6 M ⊙ . The implications of the results presented here to our understanding of binary pulsar evolution are discussed. The updated parameters for the binary systems studied here, together with recently discovered similar systems, allowed us to update previous limits on the the violation of the strong equivalence principle through the parameter |∆| to 4.6×10 −3 (95% confidence) and the violation of Lorentz-invariance/momentum-conservation through the parameter |α 3 | to 5.5×10
Introduction
Pulsars are believed to be born with spin periods of ∼0.1 s and gradually slow down as they age due to the loss of rotational kinetic energy in the form of electromagnetic radiation. These "normal" pulsars make up the bulk of the observed population and ∼1,900 of them are currently known (Manchester et al. 2005) 1 . On the other hand, a group of old, fast-spinning pulsars is observed (∼200 pulsars). It is believed that these old pulsars are formed from the transfer of mass and angular momentum from a previous or present companion in a binary system (Alpar et al. 1982) . These pulsars are generally seen as "recycled" members of the population: old pulsars that have been spun-up and brought back to an active, pulse-emitting life thanks to their interaction within a binary system. The fastest spin-ning pulsars known have spin periods of P s 0.01 s, so-called "millisecond pulsars" (MSPs), and are thought to have been produced in this manner. The measured characteristics of the members of these binary systems and their orbital parameters provide valuable insights into the formation and evolution of these systems. See, e.g., and for general reviews of binary pulsars and their scientific importance.
The measurement of a pulsar's proper motion can be used to estimate its space velocity (e.g., Hobbs et al. 2005; Chatterjee et al. 2009 ). Such measurements are important for a variety of scientific questions, including estimating the distribution of natal kicks imparted to proto-neutron stars by the supernova (SN) explosion that created them. A variety of mechanisms have been proposed that can give rise to these natal kicks (e.g., Spruit & Phinney 1998; Kusenko & Segrè 1999; Jessner et al. 2005) . Another key question is whether isolated MSPs have a similar velocity distribution to those still in binary systems (e.g., Tauris & Bailes 1996; Toscano et al. 1999; Lommen et al. 2006; Hobbs et al. 2005; McLaughlin et al. 2005) . In general, we expect MSPs to have lower system velocities than the rest of the pulsar population since, after the SN explosion, the binary system must have remained intact to spin up the neutron star. However, for isolated MSPs, the companion must eventually leave the system or be evaporated. Arguments for both lower and higher velocities for isolated MSPs have been given in the literature (e.g., Toscano et al. 1999; McLaughlin et al. 2005) . Given that only a small number of isolated MSPs with measured proper motions are known (<10 objects), additional measurements are very important.
Many subclasses of pulsar binary systems are now recognized (e.g., . The broader distinction made is between those pulsars with high-mass companions (e.g., another neutron star) and those with lower mass companions (e.g., white dwarfs -WDs). In the case of pulsars with WD companions, various subgroups are generally identified. For example, mildly-recycled pulsars (P s ∼ tens of milliseconds) in a tight orbit (orbital periods P b a few days) with highmass WD companions (m 2 ∼ 1 M ⊙ ) are thought to arise from a common-envelope evolution or from periods of ultra-high mass transfer during a Roche-lobe overflow phase (van den Heuvel 1994; Tauris et al. 2000) .
A more straightforward evolution is thought to apply for MSPs in long orbits (P b 4 days) with low-mass WD companions (m 2 0.3 M ⊙ ), generally called wide-orbit binary millisecond pulsars (WBMSP; Rappaport et al. 1995; Tauris & Savonije 1999) . Here, as the companion evolves and overflows its Roche-lobe during the red-giant phase, mass spirals onto the neutron star and forms an accretion disk. A stable, long-lived mass transfer phase is expected to take place, producing nearly circular orbits (eccentricities of e ∼ 10 −6 -10 −3 ). Phinney (1992) predicted that these systems should exhibit an orbital period-eccentricity (P b − e) relationship based on the expectation that convective eddies in the envelope of the red giant will produce nonzero values of the eccentricity. The point at which mass transfer ceases and e freezes depends on the size of the red giant envelope, which will in turn determine the size of the orbit and thus the orbital period. In addition, the size of the envelope is also thought to be related to the mass of the red giant's core, which eventually contracts to form a WD. Therefore, an orbital period-core mass (P b − m 2 ) relationship is also expected in these systems (Rappaport et al. 1995; Tauris & Savonije 1999) .
The WBMSP systems also provide important tests for theories of gravity. For example, the strong equivalence principle (SEP) states that all neutral test masses fall with the same acceleration in an external gravitation field, i.e., it states that the gravitational and inertial masses of self-gravitating bodies are identical (m g /m i ≡ 1). Binary pulsar systems allow us to test for SEP violations in the limit of high self-gravity (Damour & Schäfer 1991; Wex 1997 Wex , 2000 Stairs et al. 2005) : if the binary components experience different accelerations in the gravitational field of the Galaxy, a forced eccentricity is imparted to the system along the projected direction of the external force onto the orbital plane. Binary pulsars with low companion mass, small eccentricity and long orbital periods are ideal for SEP violation tests.
Another important test of gravitational theories involves the post-Newtonian parameter α 3 which is associated with the violation of momentum conservation and the existence of preferred frames (Lorentz invariance; . In general relativity (GR), α 3 ≡ 0. The most observable effect of a possible deviation from this GR prediction is thought be a non-zero self-acceleration for a rotating body in a direction perpendicular to its spin axis and perpendicular to its velocity with respect to the absolute rest frame (Bell & Damour 1996) . In the case of binary systems, each component will experience self-acceleration. These selfaccelerations perturb the orbital dynamics, leading to a forced eccentricity and polarization of the orbit along a fixed direction.
Here we present results obtained from longterm timing of 5 MSPs, four of which are WBMSPs (PSR J1853+1303, PSR J1910+1256, PSR B1953+29, PSR J2016+1948) and one of which is isolated (PSR J1905+0400). We use our results to study the space velocities of MSPs, binary evolution models and equivalence principle tests. In §2 we describe the observations performed and data analysis carried out. In §3 we present our improved timing solution for these pulsars, including the measured proper motions. In §3.1 we discuss the implications for the velocity distribution of isolated and binary MSPs and discuss their implications for binary evolution models of MSPs. In §3.2 we derive constraints on the component masses for three systems and we discuss these results in light of evolution models. In §3.3 we present updated upper limits of equivalence principle violations using WBMSPs. Finally, in §4 we summarize our findings and point to future directions of this research.
Observations and Data Analysis
We have conducted high-precision timing on four WBMSPs and one isolated MSP. We collected data from two observatories and a total of five data acquisition systems. Here we describe the observing setups used at each telescope. A summary of the observations for each pulsar is given in Table  1 .
Arecibo
All pulsars were observed with the 305-m Arecibo telescope in Puerto Rico. The Wideband Arecibo Pulsar Processors (WAPPs; Dowd et al. 2000) were used to observe all the pulsars. Three of the four WAPPs were used for most pulsars, except PSR J2016+1948 for which all four WAPPs were used in some observations. They were operated in online folding mode with 32 µs sampling and 192 lags near 1400 MHz and 96 lags at 2700 MHz (for PSR J2016+1948 a sampling time of 128 µs and 128 lags were used). The Arecibo Signal Processor (ASP; Demorest 2007) was used for all pulsars except PSR J2016+1948. ASP provides 0.25µs complex sampling in two orthogonal polarizations. These data were coherently de-dispersed in software using 16 or 24 frequency channels, each with 4 MHz bandwidth. The polarisations were later summed and the signal folded at the pulsar period. The ASP observations were flux calibrated with a pulsed noise diode of known strength and, when available, with observations of a standard flux calibration source. A typical observing session involved collecting multiple integrations of 1 or 3 min long on each pulsar with ASP and the WAPPs for a total of up to 30 min of data. The data from the short integrations were aligned and summed using a preliminary timing model. For the WAPPs, all data were summed to obtain at single profile for each observation. For ASP, a separate profile was obtained at each frequency channel for each observation.
For PSR J2016+1948 we also used data from the Penn State Pulsar Machine (PSPM ; Cadwell 1997) , an analogue filterbank with 128 × 60 kHz frequency channels. The power level for each 128 channels was sampled every 80 µs and stored to tape. The data were subsequently folded and aligned multiple times as the ephemeris for the pulsar was being refined. The PSPM and WAPP data for this pulsar were summed every few minutes and multiple profiles were obtained for most epochs.
To provide a long time baseline and improve the measured proper motion for PSR B1953+29 we also used data taken with the Mark II system (Rawley 1986 ), a dual-polarization 32 × 30 kHz filterbank spectrometer. Here, the outputs from opposite polarizations were summed and sampled at the pulsar period. Data were averaged over intervals of 1-2 minutes and stored for off-line processing. A total of around 1 hour of data were collected at each epoch and the data summed to obtain one profile for each observation 2 .
Parkes
We used the 64-m Parkes telescope in NSW, Australia to observe pulsars PSR J1853+1303, PSR J1905+0400 and PSR J1910+1256. These observations were taken using the Parkes analogue filterbank centered at 1390 MHz with 512 × 0.5-MHz frequency channels sampled every 0.25 ms. Two polarizations were recorded and summed in hardware for each frequency channel. The data were subsequently folded off-line using a preliminary ephemeris and summed to obtain a single profile for each observation.
A time of arrival (TOA) was found for each observation by cross-correlating the profiles with a high signal-to-noise standard template (Taylor 1992) . The recorded observatory times were corrected to UTC time by using data from GPS satellites. The JPL DE405 ephemeris (Standish 2004) was used for barycentric corrections. The software package TEMPO 3 was used to find the timing solution for each pulsar by including astrometric, binary and spin parameters as needed to arrive at a phase-connected solution (where every rotation of the star over the span of the observations is accounted for). In order to fit for any instrumental or standard template profile differences, we fit for arbitrary time offsets between each instrument (for ASP we have also allowed for time offsets between each 4 MHz channel to fit for any profile changes across its bandwidth). A change in dispersion measure (DM) over time was detected for PSR J2016+1948 and marginally for PSR J1905+0400 and PSR B1953+29 (see Table 2 ). Finally, the measured uncertainties were scaled by a small telescope-dependent amount to ensure a timing fit with χ 2 ν ≃1.
Results and Discussion
In Figure 1 we show the standard pulse profiles for each pulsar at 1400 MHz. Table 2 shows the timing solutions derived from our work and Figure 2 shows the timing residuals derived from these solutions. The timing solutions successfully 49129-49255) and the Effelsberg telescope in Germany (MJD 49768-50460) were also available but did not add significantly to the results and were left out of our analysis. 3 http://tempo.sourceforge.net/. model the measured TOAs and leave no significant trends in the residuals. Pulsars PSR J1853+1303 and PSR J1910+1256 have very low root-meansquare (rms) values and are now part of a longterm timing program to detect and study gravitational waves using an array of well-timed pulsars Demorest et al. 2009 Demorest et al. , 2011 .
PSR J1853+1303 and PSR J1910+1256 were discovered by the Parkes multibeam pulsar survey (e.g., Manchester et al. 2001 ) and their timing solutions were first reported by Stairs et al. (2005) . The longer data span possible with the Parkes data and the high quality of the Arecibo data allowed us to improve the timing solutions for these pulsars (especially for their binary parameters) and, for the first time, report a measurement of their proper motions. For PSR J1910+1256, we are also able to measure a secular change in its projected semimajor axis (a similar, though marginal, measurement was also made for PSR J1853+1303).
PSR B1953+29 was discovered while performing a systematic search for radio pulsars using Arecibo in position error boxes from γ-ray sources reported by the COS B satellite (Boriakoff et al. 1983 ). Previous timing solutions for PSR B1953+29 have been reported by Rawley et al. (1988) and . Here we have been able to use Arecibo data spanning 25 yrs to derive a much improved timing solution for this pulsar, and especially so for its proper motion measurement. PSR J1905+0400 was also discovered by the Parkes multibeam pulsar survey ) and is one of only <20 known isolated MSPs. Here we are able to measure for the first time a proper motion for this pulsar.
PSR J2016+1948 was discovered in the Arecibo 430 MHz Intermediate Latitude Survey (Navarro et al. 2003) . The discovery dataset for this pulsar covered about a year (taken in 1999) and were enough to determine that the pulsar was in a binary system with an unusually long orbital period of 635 days. However, deriving a complete timing solution from this initial dataset was not possible. It was later discovered that the original 1999 data have large systematics, most likely the result of being folded with an inacurate estimate for the spin period. These data have been left out of our analysis and all subsequent data were taken in observing modes that allow for re-folding and re-aligning as the pulsar ephemeris was being improved. The current timing solution leaves no systematics in the derived TOAs and has been correctly predicting new TOAs for many years. We are therefore confident that we have found the most precise timing solution currently available for this system. Our timing solution in Table 2 shows that the pulsar is indeed recycled and in a nearly circular orbit, likely the result of mass transfer and tides as its companion was going through its giant phase. We are also able to measure the proper motion for this system and a secular change in the projected semimajor axis.
None of the pulsars show a significant value of annual parallax (see Table 2 ). Only PSR J1853+1303 has a marginal parallax measurement with a large error. It is possible that further observations of this pulsar with improved timing precision will be able to produce a more constraining parallax measurement. In addition, none of the binary pulsars show a measurable Shapiro delay. The residuals obtained from the best-fit timing solution are shown as a function of binary phase in Figure 3 .
Millisecond Pulsar Velocities
The high precision obtained by our timing study allowed us to measure a statistically significant value for the proper motions of all five pulsars (see Table 2 ). We have used these measurements to study the velocity distribution of MSPs, both isolated and those in binary systems. The pulsar population in general has been found to have large space velocities with a mean of ∼300 km s −1 (Lyne & Lorimer 1994; Hobbs et al. 2005) . Recycled MSPs appear to be on the low end of the velocity distribution, with a mean of ∼90 km s −1 . In addition, no significant difference has been found between the velocities distributions of isolated MSPs and those still in binary systems Lommen et al. 2006) despite the fact that an additional evolutionary stage (the disruption of the binary) has occurred in the former. Now we revisit the velocity distribution of MSPs, which we take to be those with periods of P < 0.01 sec and are therefore fully recycled. From the new timing solutions presented in Table  2 , only PSR J2016+1948 is not a fully recycled MSP and its implied 2D velocity of 96 km s −1 (at the implied DM distance of 2.5 kpc) was not included in the following analysis. PSR J1905+0400 studied here is particularly important, as it is one of only ten isolated MSPs with measured proper motions. Our sample then consists of 10 isolated MSPs and 27 binary MSPs for a total of 37 pulsars. We have combined the measured proper motions with the available distance estimates to calculate the pulsars' 2D space velocities in their respective local standard of rest at the pulsar location. To do this we have corrected for Solar motion and used a peculiar velocity for the Sun of V ⊙ =13.4 km s −1 (Dehnen & Binney 1998) . We have also assumed a flat Galactic rotation curve with a galactocentric distance for the Sun of R ⊙ =8 kpc and a Galactic rotation velocity of 222 km s −1 (Eisenhauer et al. 2003; Dehnen & Binney 1998) . A flat Galactic rotation curve is thought to be a good approximation for distances from the Galactic centre of >3 kpc (Olling & Merrifield 1988 ; the pulsars we used have distances to the Galactic center of >4 kpc). The resulting 2D velocities in the pulsars' standard of rest after correcting for Solar and Galactic motion, V 2D , are shown in Table 3 .
Most pulsars have distance estimates from timing measurements of their dispersion measure (DM) combined with a model of the free electron distribution in the Galaxy (Cordes & Lazio 2002) . In general, distances derived using this method are thought to have a ∼25% error, implying a minimum similar error on the estimated velocities. For individual pulsars, the distance error could be much larger than that. The errors on the estimated pulsar velocities shown in Table 3 were derived using Monte Carlo simulations with 10,000 runs per pulsar. For these simulations, pulsar distances were drawn from Gaussian distributions centered on the values listed in Table  3 with a width of 25% of the central value 4 (for pulsars where non-DM distances are available the corresponding distance errors were used). Pulsar proper motions were then drawn using Gaussian distributions with central values and widths derived using the values listed in Table 3 . In practice, the largest error contribution to the esti-mated pulsar velocities are the associated distance errors. We then used the velocities in Table 3 to study the velocity distribution of MSPs. Figure 4 shows the normalized histograms of the 2D velocities of binary (solid line) and isolated MSPs (bold dotted line) in our sample. The average velocities are found to be 108±15, 113±17 and 93±20 km s (Massey 1951) 6 . A KS test of the two corrected velocities results in a probability of 62% that they are drawn from the same distribution. For the uncorrected 2D velocity measurements, the two distributions have a KS probability of 75% that they are drawn from the same distribution.
We therefore conclude that there is no statistically significant difference between the velocity distributions of isolated and binary MSPs with the current statistics. However, we also note that due to selection effects our sample is biased towards nearby, low-velocity pulsars. It is therefore possible that the lack of difference between the velocity distribution of isolated and binary MSPs is due to our observing the low velocity tail of these distributions, which in reality could be quite different. Higher number statistics (particularly for isolated MSPs) will allow for a more detailed study of such effects in the future. In addition, more distant MSPs are now being discovered in current surveys 5 The errors in the average velocities shown in this section represent the standard errors of the mean. 6 While the KS test doesn't take the error estimates into account, it is one of the most useful and general methods for comparing two samples. Detailed simulations to account for the errors are beyond the scope of this paper and can be carried out in future work.
(e.g., in addition to PSR J1903+0327 in Table 3 , the velocities for two distant MSPs will also be published by Deneva et al. 2011) . While measuring the proper motions of distant objects will most likely require large amounts of telescope time, they represent significant additions to our sample. Furthermore, we note that Tauris & Bailes (1996) presented the expected space velocities of binary MSPs using various evolutionary models. In their simulations, binaries with shorter periods tend to have larger velocities since the final velocity of the system depends on the separation of the components at the time of the supernova explosion. However, this correlation is fairly weak and asymmetries in the explosion would easily wipe out this effect. Hobbs et al. (2005) found no evidence for a correlation between the velocity of binary MSPs and their binary periods 7 . We now briefly revisit this idea and in Figure 5 we plot the binary periods versus implied velocity for the binary pulsars listed in Table 3 . This figure should be compared to the plots in Figure 2 of Tauris & Bailes (1996) . For system with P b < 2 days and P b > 2 days we find average 2D velocities of 135±52 km s −1 and 107±14 km s −1 , respectively (uncorrected 2D velocities have averages of 120±45 km s −1 and 85±11 km s −1 ).
We therefore find no significant difference in the velocities of short-and large-period binary MSPs. However, we caution that only a handful of the former systems are known. While the very large velocity of PSR B1957+20 could be explained by these models using asymetries in the supernova explosion, they would have a particularly hard time explaining the small implied velocities for PSR J0751+1807 and PSR 2051−0827 given their very short orbital periods. In addition, we did simulations using the Tauris & Bailes (1996) binary period−velocity relationship taking into account the effect of random projections towards us of these velocities. We find that the large scatter in the relationship and the random projections of these velocities would most likely wash out any effect. Therefore, while we find no evidence that the relationship is present (and this might indeed 7 Hobbs et al. (2005) used a definition of P < 0.1 s anḋ P < 10 −17 s s −1 for recycled pulsars, thus including a mix of companion types in their sample. Here we use P < 0.01 s, resulting in binaries with mostly helium white dwarf companions.
be very difficult to achieve, even if it exists), at the same time we cannot rule it out. It is clear that additional work is needed to understand the evolution of binary MSPs. Obtaining additional velocity measurements for these pulsars will help to constrain evolutionary models.
Component masses and change in projected semimajor axis
For PSR J1910+1256 and PSR J2016+1948 we were able to measure a change in the projected semimajor axis,ẋ=dx/dt (see Table 2 ). For PSR J1853+1303, the measurement ofẋ was marginal and will be discussed at the end of this section. For PSR B1953+29 only an upper limit was measured. Here we define x≡a 1 sin i/c, where a 1 is the semimajor axis of the pulsar orbit, i is the inclination angle of the angular momentum vector of the orbit relative to the Earth-pulsar line of sight (LOS), and c is the speed of light. The measured values forẋ are −1.8(5)×10 −14 and 8.3(14)×10 −14 for PSR J1910+1256 and PSR J2016+1948, respectively. In principle, a non-zero value forẋ could arise from a change in a 1 , i or a combination of the two. However, we argue that the measured values likely arise due to the pulsars' high proper motion inducing a change in our LOS to these binaries.
In the case that a change in a 1 is being observed, GR predicts a value of |ȧ 1 | ∼ 5×10
−23
and ∼10 −24 for PSR J1910+1256 and PSR J2016+1948, respectively (see Peters 1964 , for the required expression). These values are many orders of magnitude below the observed value ofẋ. In addition, for typical binary astrophysical processes, a non-zero value for |ȧ 1 /a| is expected to have a similar order of magnitude as |Ṗ b /P b |. No significant value forṖ b was found for any of our pulsars, but allowing for a measurement in our timing solution results in a value ofṖ b =−2(4)×10 −11 and −1(2)×10 −9 s s −1 for PSR J1910+1256 and PSR J2016+1948, respectively. Using the values for P b listed in Table 2 we find limits of |Ṗ b /P b | <1.2×10
−17 s −1 and <5×10 −17 s −1 for PSR J1910+1256 and PSR J2016+1948, respectively. Again, these values are a few orders of magnitude lower than expected from the measured values ofẋ.
We therefore propose that the observed values ofẋ must arise from apparent changes in the orbital parameters due to the proper motion of the binaries (Arzoumanian et al. 1996; Kopeikin 1996) . The strength of this geometric effect can be calculated using:
where x is the projected semimajor axis in units of seconds, µ is the total proper motion of the system in units of mas/yr and θ is the unknown angle between the position angle of the proper motion and the position angle of the ascending node of the pulsar's orbit. The measured values ofẋ can then be used to constrain the inclination angle of the system i. In addition, numerical studies of the evolution of neutron star binaries in long-period orbits with low-mass white dwarf companions point to a relationship between the final orbital period, P b , and the mass of the companion, m 2 (Rappaport et al. 1995; Tauris & Savonije 1999 ). An overall agreement with these results has been found in the available data, although these relationships appear to overestimate m 2 for systems with long periods and provide conflicting results for systems with short periods .
Keeping these caveats in mind, we used the P b − m 2 relationship found by Tauris & Savonije (1999) , together with the inclination angle constrains fromẋ, to provide constraints on the masses of the PSR J1910+1256 and PSR J2016+1948 systems. The derived constraints on the companion masses are m 2 = 0.30-0.34 M ⊙ and 0.43-0.47 M ⊙ for PSR J1910+1256 and PSR J2016+1948, respectively. These values and those implied by the mass functions are shown in Figure  6 . Restricting m 2 to lie in the values implied by the P b − m 2 relationship and using the inclination angles fromẋ we find 1σ values for the pulsar masses of m 1 = 1.6±0.6 M ⊙ and 1.0±0.5 M ⊙ for PSR J1910+1256 and PSR J2016+1948, respectively.
For PSR J1853+1303, the measured value oḟ x is marginal (see Table 2 ) but can still be used to derive initial constraints on the system masses. Following the same procedure as outlined above results in a 1σ confidence interval for the incli-nation angle of this system of 48
• (33 • -58 • ). In addition, the P b − m 2 relationship produces companion masses of m 2 = 0.33-0.37 M ⊙ . Combining these results, we derive 1σ values for the mass of PSR J1853+1303 of m 1 = 1.4±0.7 M ⊙ .
The derived m 1 values are not very constraining, though fully within the expected mass ranges for neutron stars. Given that PSR J2016+1948 is only one of three WBMSP with P b > 200 days (see Table 4 ), further constraining the masses of this system by independent measurements and continued timing can provide a valuable constrain to binary pulsar evolution models.
Theories of Gravity: Tests
We have used the improved timing parameters for the four WBMSPs studied here, in addition to recently discovered systems, to update important tests of GR and other theories of gravity. In particular, we have modeled the forced eccentricity that would be imparted on the binary systems due to violations of the strong equivalence principle (SEP) using the parameter ∆, and the forced eccentricity that would be imparted due to violations of Lorentz invariance/momentum conservation using the parameterα 3 . In GR, both parameters are predicted to be identically zero andα 3 is also predicted to be zero in most other theories of gravity.
For the SEP test parameter ∆, the additional, forced eccentricity imparted on the binary orbit is expected to be of the form (Damour & Schäfer 1991) :
where c is the speed of light, F is unity in GR and a function of m 1 and m 2 in alternate theories, G is Newton's constant in GR, M =m 1 +m 2 , P b is the binary period and |g ⊥ | is the projection of the Galactic acceleration vector onto the orbital plane at the location of the pulsar. Here, the total observed eccentricity is then predicted to be e obs = e N + e F,∆ , with the "natural" eccentricity e N and the angle θ between e N and e F,∆ being additional, unknown parameters. For the Lorentz invariance/momentum conservation test parameterα 3 , the forced eccentricity added to the binary orbit is expected to be given by (Bell & Damour 1996) :
where c P =−2E grav P /m 1 c 2 is the gravitation selfenergy fraction of the pulsar (the so-called "compactness", taken to be approximately 0.21m 1 ; Damour & Esposito-Farèse 1992; Bell & Damour 1996) , β is the unknown angle between the pulsar system's absolute velocity V (with respect to the reference frame of the cosmic microwave background) and the pulsar's spin vector.
We have used the above expressions and a Bayesian analysis to derive probability distributions for ∆ andα 3 given the measured binary/pulsar parameters and additional estimates for the remaining unknown parameters. The procedure was described in detail in Stairs et al. (2005) and we summarize it here 8 . For each pulsar j, we find the probability density functions (pdf) p( ∆ |D j , I) and p(α 3 |D j , I) for probable values of ∆ andα 3 given each pulsar's data D j (see Table  4 ) and prior relevant information I.
For example, for the SEP parameter ∆ we can write for each pulsar:
where d j represents the relevant parameters for this test, namely i, m 2 , Ω, d, e N , and θ. For these parameters we perform Monte Carlo simulations when they are not directly measured or constrained through timing or other methods. For m 2 we use twice the range given by the P b − m 2 relationship of Tauris & Savonije (1999) . For cos i we assume a uniform distribution between 0 and 1, and combine this value with the measure mass function and m 2 to provide a value for the pulsar mass m 1 (only systems with m 1 values between 1.0 and 2.5 are kept)
9 . For Ω we use a uniform distribution between 0
• and 360
• . For d we use a Gaussian centered on the DM estimate using Cordes & Lazio (2002) and assuming an average uncertainty of 25%, or a Gaussian centered on the parallax measurement if available. The integrals over the remaining unknown parameters e N and θ are computed separately using the measured values of e obs and ω and the implied values of e F,∆ . A pdf for theα 3 parameter was similarly derived; for this we also need estimates for the 3D velocity of each pulsar and used Gaussian distributions in each dimension centered on the Galactic rotational velocity vector at the pulsar location with widths of 80 km s −1 (Lyne et al. 1998 ) or, when available, we use Gaussian distributions for the proper motions to get the transverse velocities. For |∆|, the parameter space 10 −5 < |∆| <0.1 was sampled uniformly in steps of 2×10 −5 and for |α 3 | the parameter space 10 −22 < |α 3 | <5×10 −19 was sampled uniformly in steps of 1×10 −22 .
Binary systems suitable for these studies are required to have large periods and small eccentricities so that additional relativistic effects are negligible. Large values of P 2 b /e and P 2 b /P e have therefore been used as a general selection characteristic for choosing appropriate systems (Wex 2000; Stairs et al. 2005) . In addition, the systems must be old enough and have large enoughω so that the orientation of their orbits can be assumed to be random and that the projection of the Galactic acceleration vector on the orbit can be assumed to have been constant over the lifetime of the systems (Damour & Schäfer 1991; Wex 1997) . While some pulsars might individually provide low limits for these tests, we use all 27 available systems in order to provide a more conservative upper limit that incorporates the assumptions made on the population as a whole.
Currently, a total of 27 WBMSPs are available to test the above effects and their properties are listed in Table 4 . The pdfs for each pulsar are shown in Figure 7 for the SEP parameter |∆| and in Figure 8 for the Lorentz invariance/momentum conservation parameter |α 3 |. Since each pulsar represents an independent test of these parameters, we can multiply the individual pdfs to obtain a total pdf from our sample of pulsars.
Using all the systems in Table 4 , for |∆| we derive a 95% upper limit of 4.6×10 −3 , which represents a 20% improvement from the value derived by Stairs et al. (2005) . Two new pulsars are particularly constraining for this test: PSR J1711−4322 and PSR J1933−6211, which together with the improved parameters for PSR J1853+1303 have significantly contributed to the reduced upper limit for |∆| (the secondary peak at low values of |∆| of ∼10 −3.5 in the product pdf shown in Figure 7 is mainly due to these pulsars). For PSR J1711−4322 alone, the 95% upper limit for |∆| is 5.6×10 −4 . Since pulsars test gravitational theories in the regime of strong fields, future improvements to the above limit are important. The fact that two pulsars discovered in the last five years were able to significantly contribute to this test is encouraging and raises the possibility that additional discoveries, and improved parameters for the objects already known (particularly PSR J1711−4322 and PSR J1933−6211), will improve the limit further.
For |α 3 |, using the updated sample of pulsars we derive a 95% upper limit of 5.5×10
−20 . This limit is higher than the value of 4×10
−20 derived by Stairs et al. (2005) . We believe that the higher value better reflects the limits of this technique to constrain |α 3 | when a larger sample of pulsars is available. The most constraining pulsars for this test currently are PSR J1713+0747 and PSR J1853+1303 with very similar limits of 2.8×10 −20 and 3.1×10 −20 (95% confidence), respectively. The limits derived here are about 13 orders of magnitude smaller than Solar System values and again test the strong field limit. Further discoveries and ongoing study of present systems (particularly PSR J1853+1303) will help to place additional constraints on this test of gravitational theories.
Conclusions
We have presented updated timing solutions for five MSPs, four of which are in binary systems and one which is isolated. The high precision and large time span of the observations used allowed us to measure the proper motion of these pulsars. The implied 2D space velocities in each pulsar's standard of rest lie in the range 70-210 km s −1 . We studied the available 2D velocities of binary and isolated MSPs and find that their velocity distributions are indistinguishable with the current data. For PSR J1910+1256 and PSR J2016+1948, we are able to measure a significant rate of change of the semimajor axis which we attribute to a geometrical change in our line of sight to the pulsars due to their high space velocities. We are then able to put initial constraints on the mass of these pulsars of 1.6±0.6 M ⊙ and 1.0±0.5 M ⊙ for PSR J1910+1256 and PSR J2016+1948, respectively. For PSR J1853+1303 we measured a marginal rate of change of the semimajor axis, resulting in an estimate for the pulsar mass of 1.4±0.7 M ⊙ .
We are also able to place updated constraints on violations of the SEP and Lorentz invariance/momentum conservation using an updated list of binary pulsars in wide orbits with small eccentricities. Using a total of 27 pulsars we derive an upper limit for the SEP violation parameter |∆| of 4.6×10 −3 (95% confidence) and an upper limits for the Lorentz invariance/momentum conservation violation parameter |α 3 | of 5.5×10
−20
(95% confidence). Further discoveries and ongoing study of present systems will help to improve these limits.
The Arecibo Observatory, a facility of the National Astronomy and Ionosphere Center, -Posterior pdf's for the SEP parameter |∆|. For the individual pulsars, the y-axis is displayed on a linear scale and the x-axis on a logarithmic scale. The "product" pdf p(|∆||D, I) in the top centre is the normalized product of the pdf's from the individual pulsars and it is shown on a log-log scale. 
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• Note− Values in parentheses are uncertainties in the last digits shown, which are twice the formal errors quoted by TEMPO after scaling the TOA uncertainties to obtain χ 2 ν ≃1. Right ascension values are in hours, minutes, and seconds and declination in degrees, arcminutes, and arcseconds. For all pulsars, the DE405 ephemeris was used and the recorded observatory times were corrected to TT(BIPM). a Value shown represents a ∆χ 2 ∼ 6.6 from best fit, representing a ∼3σ limit (Avni 1976 ). b For PSR J2016+1948, a second DM derivative (DM) was also measured with a value of 3.8(1.4)×10 −4 pc cm −3 yr −2 . A less significant value for DM was also measured for PSR B1953+29 giving −2.1(1.6)×10 −4 pc cm −3 yr −2 . c Assuming a pulsar mass of m1 = 1.35M⊙. d Clockwise from Galactic North. 
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